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Abstract 
The efficiency of Carbon Capture and Storage (CCS) projects is directly related to the long term 
sealing efficiency of barrier systems and of wellbore cement in wellbores penetrating storage 
reservoirs. The microfractures inside the wellbore cement provide possible pathways for CO2 
leakage to the surface and/or fresh water aquifers, impairing the long-term containment of CO2 in 
the subsurface. The purpose of this experimental study is to understand the dynamic alteration 
process in the cement caused by the acidic brine. The first experiment, at ambient temperature 
and pressure, was conducted by flowing CO2-rich brine through 1 in. by 2 in. (25.4 mm by 50.8 
mm) cement cores for 4 and 8 weeks durations. The second experiment was a 4 weeks long 
flow-through experiment conducted at ambient conditions using a 1 in by 12 in.(25.4 mm by 
304.8 mm) cement core and CO2-rich brine with a core flooding system under 600 psi (4.13 
MPa) confining stress. Post-experiment material analysis from both experiments confirmed 
leaching of Ca
2+
 from reacted cement, as reported in literature. However for the first time, 
porosity of the reacted regions was semi-quantified applying micro-CT images. 
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1. Introduction 
At the current state, CCS technology offers a feasible solution to mitigate the problem of increasing CO2 emissions. 
Risk assessment of a CO2 storage project requires the integrity of the wellbore network to be analyzed against the 
possible leakage scenarios over extended time scales [1]. Most abandoned wells, especially these completed more 
than 10 years ago, would have integrity issues within the cement, or at cement/formation and/or cement/casing 
interfaces. Furthermore, cyclic loads will cause initiation/propagation of a fracture network within cement sheath. 
An understanding about cement fracture behavior under typical geologic sequestration environments is essential in 
order to analyze the integrity of existing wellbores and their extended service life under conditions for which they 
were not designed. Wellbore cement (pore fluid pH~13.5) may be exposed to acidic brine (pH~3-4) in the post 
injection period, where an incompatibility arises from contact of two systems with widely different pH values, 
causing cement mechanical instability. Hence, the cement behavior under CCS conditions needs to be investigated 
before implementing large scale projects. This paper presents preliminary results of an ongoing experimental study 
designed to address this problem. 
 
1.1. Wellbore Cement 
Oil and gas (O&G) wells are cased and cemented in order to provide zonal isolation, structural support for the 
wellbore and protection of casing against corrosive fluids such as CO2 and H2S rich brines. Maintenance of zonal 
isolation is the most important function of wellbore cement in CCS projects because it prevents both horizontal and 
vertical conductivity within and into the wellbore. Recent data by Nelson et al. [2] suggested that 8,000 to 11,000 
wells (out of 22,000) wells in the Gulf of Mexico experienced sustained casing pressure, indicating gas leakage 
along or through the wellbore. Most O&G wells are designed for 30-50 years of service life; however, CCS projects 
will require wellbore cements to maintain zonal isolation function for hundreds of years. The cause of wellbore 
leaking is frequently related to cement failure, which can be due to inadequate cement design or ineffective 
placement of cement (procedures, equipment, and technical inadequacy), as well as various production processes.  
 
1.2. Wellbore Cement Failure Mechanisms 
Wellbore cement failure can be due to unsound cementing procedures (weak bond at cement/casing and 
cement/formation interfaces), or can be due to repeated pressure and temperature cycles caused by field operations 
[3]. Since the thermal expansion and elasticity coefficients for casing and cement are different, the casing and 
cement expand and contract at different rates, which increase the possibility of forming a microannulus between 
them and/or fracture initiation and propagation within the cement. In this study, the main focus was the interaction 
between the CO2-rich brine and a single fracture within the cement sheath. The parallel plate like channel can also 
be effectively used to simulate the cement within a perforated zone. 
 
2. Experimental Set-up and Procedures  
Experimental Materials: Cement cores were prepared using class-H (w/c=38%) cement by following the API RP-
10B. Cement slurries were degassed before pouring into moulds to avoid air bubbles. 
 
First Experiment: 1 in by 2 in (25.4 mm by 50.8 mm) cement cores were used. The fracture along the cement was 
created using shim stocks with dimensions of 0.02 inch (0.508 mm) thickness and 0.5 inch (12.7 mm) width. 
Approximate fracture volume was 0.33 mL (2×0.5×0.02 = 0.02 in
3
 ~ 0.33 mL). The flow rates were 1.65 mL/day for 
the first part and 1 mL/min for the second part of the experiment. A flow-through experimental setup (Figure 1) was 
used, composed of 6 core holders that enabled simultaneous flow of CO2 rich brine through the fractures. 
 
Second Experiment: For this experiment, a 1 in by 12 in (25.4 mm by 304.8 mm) cement core was used. Half 
cylindrical cores were cured under 100 % RH for 6 months to allow full cement hydration. The final cement cores 
for the experiments were assembled by applying epoxy resin on the peripheries in order to provide a parallel-plate 
like channel in the middle of the core as was done in first experiment. The cement core was placed into a flow-
through experimental setup (Figure 2) composed of a Hassler cell, syringe pump, hydraulic pump, data acquisition 
system, filters and pressure gauges installed at several locations. Similar experimental apparatuses were used in 
Bachu and Bennion [4] and Huerta et al. [5] studies. The Hassler cell was mounted vertically on a stand to simulate 
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flow of CO2 rich brine from the bottom to the top of the fractured vertical wellbore cement column. Brine (20,539 
ppm salinity) was prepared using NaCl (20.196 g/L) and KCl (0.345 g/L). The Isco dual syringe pump system was 
set to single pump (each pump has 507 ml capacity) and auto-refill mode to provide continuous flow during the 4 
weeks experiment period (approximately 23 hours and 45 minutes injection per day).  
 
                       
 
 
Figure 1: Schematics of the experimental set-up (left) and 1 in. x 2 in. (25.4 mm by 50.8 mm) cement core holder containing 
epoxy isolation (right) used in Experiment#1 
 
 
    
                                                                                                                  
Figure 2: Flow through experimental set-up (left) and 1 in. x 12 in. (25.4 mm by 304.8 mm) cement core with the channel 
(right) used in Experiment #2 
 
3. Results and Discussions 
Throughout the 4 weekss, effluent brine samples were collected and the pH of the inlet and outlet brine was 
monitored daily. The effluent pH ranged from 5.6 to 10.7, indicating an influx of OH
-
 ions into the brine solution 
(the initial pH of the acidic brine solution was around 4.9-5.2). Analysis of the effluent brine composition using 
Inductively Coupled Plasma (ICP) showed that the brine solution became rich in Ca (up to 60,000 ppb) and Si (up to 
9,000 ppb).  
 
After completing the experimental runs, all of the cement cores were analyzed by both qualitative and quantitative 
material characterization techniques to elucidate alterations of the cement internal structure and to be able to 
determine zonal isolation functionality of wellbore cement. 
       
X-Ray Computed Tomography (CT): Non-destructive CT-scans were acquired for the cement cores (Figure 3) at 
250 micron resolution for the first experiment. The imaging was performed on as-received samples immediately 
after cement/fluid contact, thereby minimizing sample alteration. As can be observed in Figure 3, dissolution at the 
fracture wall is increasing with time and at higher flow rates (1.65 mL/day to 1 mL/min). The colour difference in 
Figures 3c & 3d compared to Figure 3a is a result of a decrease in density of the new phases formed due to leaching 
of Ca
2+
 (higher mass). In addition to the mineralogical alteration, it is also clear from these qualitative images that 
the fracture is widening.  
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Figure 3: CT-scans for Experiment #1: (a) unreacted cement core (control sample), (b) after 4 weeks of flow (1.65 mL/day), (c) 
after 8 weeks of flow (1.65 mL/day), and (d) after 4 weeks of 1.65 mL/day plus 4 weeks of 1 mL/min of flow. As observed 
darker rims at fracture walls suggest lower atomic mass, most likely due to Ca leaching. Therefore, dark regions are Si rich 
 
High Resolution Imaging (Micro-CT): High-resolution X-ray tomography images of two cores from the first 
experiment were collected at the Advanced Photon Source (APS) GeoSoilCARS BM13-D beamline. These small 
(~6 mm diameter) cores were imaged at 5.06 microns at 33.07 keV monochromatic energy (Figure 4).  
Reconstruction of the 1200 projection images (0.15 degree angles) was performed using GSECARS beamline 
software. Figure 4 is the micro-CT image of the altered cement from the first experiment. 
 
 
 
                     
 
 
 
 
 
 
 
 
 
 
Figure 4: (a) Horizontal and vertical orthogonal slices through cement core in Experiment#1, and  (b) Horizontal slice (3.15 mm 
× 3.95 mm) showing three locations where porosity analysis was performed (boxes), from distinct regions of different density 
 
The cement exposed to acidic brine flow appears to have 3 distinct regions
 
(regions I, II and III outlined in Figure 
4b) within the CO2-reacted cement core. The undisturbed cement matrix, which is a lighter gray in the image, was 
identical to the control cement sample (not shown here due to space limitations). Porosity within the three regions in 
the core (the undisturbed and two transition zones) was calculated to get a preliminary indication of the spatial 
changes in the sample. Small subvolumes (0.35 mm × 0.35 mm × 4.5 mm) were selected (see white boxes in Figure 
4(b)) and porosity was calculated for each. At this resolution, the calculated porosity for the undisturbed matrix (I) 
was found to be 0. The porosity in the zone closest to the fracture face (III) is 0.02, while the porosity in the 
intermediate zone (II) is 0.002. These data suggest an increase in macroporosity (pores larger than 10 microns) in 
the reacted regions (regions II&III) compared to the unreacted region (I). This clearly illustrates the damaging effect 
of acidic brine [6]
 
on highly alkaline cement system, resulting in an increase in apparent porosity.  
 
The unreacted sample from the second experiment was scanned along the core from 8 different locations (Figure 5). 
Figure 6 shows the dissolution around the fracture walls after acidic brine exposure along the fracture. The top of the 
cement core was the outlet, whereas the bottom of the core was the first contact point with acidic solution in the 
Hassler cell. When compared, cross sections of control and reacted samples, provide evidence for fracture aperture 
widening (see axial slices #1-6, Figure 5 & 6). Localized CT numbers acquired along the fracture reflect dissolution 
as well as precipitation, which is also confirmed by microstructural analysis (ESEM) presented later. 
a  
 
b 
 
c 
  
d  
 
I 
II 
III 
High Resolution Images 
(Please see Figure 4) 
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Figure 5: Ct-Scans for Experiment #2 at 6 different locations; unreacted sample 
 
 
Figure 6: Ct-Scans for Experiment #2 at 6 different locations; reacted sample 
 
Environmental Scanning Electron Microscopy (ESEM) with Energy Dispersive Spectroscopy (EDS): ESEM was 
deployed to further investigate the nature of altered zones within the cement at a much finer scale and under low 
vacuum conditions in order to prevent cement dehydration during the analysis. Micrographs obtained from cement 
core of Experiment #1 presented in Figure 7a depicts the dissolution due to the effect of acidic brine, and crystal 
growth inside the fracture 7(b) indicated with dashed lines. Data acquired from Experiment #2: Low magnification 
micrographs (Figure 8) reveal calcite precipitation inside the fracture (a) and spatial chemical composition (b). EDS 
spot analysis illustrates increased level of Ca
2+
, as well as high Ca/Si and presence of salt. Figure 9 explains the 
effect of acidic brine on cement by comparing unreacted and reacted samples. Calcite precipitation (region I) at the 
center and two regions (region II and III) with different alterations were observed in micrograph (Figure 10) with an 
increased porosity (black areas within micrographs). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: ESEM images of fracture surfaces showing: (a) dissolution, with dissolution from – region I, partial dissolution region 
II and almost intact region III; (b) crystal formation within the fracture in cement core from Experiment #1 
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Figure 8: ESEM image coupled with EDS showing calcite deposition inside fracture for Experiment #2, as well as an increased 
porosity area adjacent to the fracture wall (outlined with dotted lines, 8a; 8b shows increased level Ca) 
 
Figure 9: ESEM images of unreacted (a), and fractured surface of reacted cores (b) from Experiment #2 
 
 
 
 
 
 
 
 
Figure 10: ESEM image showing three different regions, where calcite deposits follow the pattern of existing microfractures 
within cement matrix (10a), and region I at a higher magnification (b), in the main flow area of the fracture for Experiment #2 
Mercury Intrusion Porosimetry (MIP): The MIP method was utilized to quantify the pore size distribution of the 
cement samples. MIP assumes that all pores are interconnected and the pore size distribution is not affected by the 
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drying effect [7]. Figure 11 suggests that, in order to have the same cumulative intrusion, a higher pressure is 
required as a result of acidic brine exposure in both experiments. Figure 12 indicates an increase in the number of 
pores with size 3-5 microns as cement was reacted. Further investigation of the MIP data is ongoing.  
 
Figure 11: Pressure versus Cumulative Intrusion in MIP analysis for Experiment #1 and #2 
 
          
Figure 12: MIP analysis for Experiment #2 
 
 
X-Ray Diffraction (XRD): Quantitative XRD analyses of control sample and reacted cement specimens were 
performed in order to quantify the mineralogical alterations within the cement paste induced by contact with reactive 
acidic brine. As shown in Table 1, the immediate solid/fluid contact zone has lost most of its Portlandite (Ca(OH)2) 
due to carbonation and secondly the leaching out Ca
2+
. 
 
 
Table 1: XRD analysis for the cement samples in Experiment #1 
 
 
Sample Identity Calcite 
(wt %) 
Portlandite* 
(wt %) 
 Calcium Silicate** 
(wt %) 
Control cement (unreacted) 4 87 6 
After 4 weeks of 1.65 ml/day exposure 2 88 8 
After 8 weeks of 1.65 ml/day of exposure 12 63 12 
After 4 weeks of 1.65 ml/day plus 4 weeks of 1 
ml/min displacement 
59 3 22 
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4. Conclusions 
 
Data from several complementary analytical techniques demonstrate that prolonged contact between CO2 saturated 
brine and cement increases the dissolution of the cement primarily due to leaching of Ca
2+
 through dissolution of 
Portlandite (Ca(OH)2) and, at later stages, of C-S-H.
  
In addition, the newly formed reactive environment initially 
favours carbonate formation, which is in agreement with in-situ observations [8,9]. However, newly formed calcite 
will also undergo dissolution as the new supply of low pH fluid reaches the carbonate layer. The data acquired under 
dynamic (flow) conditions appear to suggest that reaction kinetics are faster and will lead to more rapid dissolution. 
Four distinct regions were identified within cement cores after 4 and 8 weeks of flow-through experiments. The 
identified 3 regions (following the fracture surface region) can be characterized as: 
 
Region I: Highly porous, almost Ca-free zone, with Si-gel-like composition. 
Region II: Moderately porous, intermediately reacted zone, with reduced Portlandite presence and fine 
microfractures. 
Region III: Unaltered cement with a typical hydrated cement chemical and mineralogical composition, with no 
evidence of secondary porosity. 
 
The existence of primary and/or secondary fractures are clearly detrimental to the overall long term sealing capacity 
of cement sheath in abandoned wells which is in agreement with previous studies [4,10]. 
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